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Abstract

Inductively coupled plasma mass spectrometry (ICP-MS) is the most commonly used
technique to determine the abundances of trace elements in a wide range of geological materials.
However, incomplete sample digestion, isobaric interferences and instrumental drift remain
obvious problems that must be overcome in order to obtain precise and accurate results. For
this reason, we have done many experiments and developed a set of simple, cost-effective and
practical methods widely applicable for precise and rapid determination of trace element
abundances in geological materials using ICP-MS. Commonly used high-pressure digestion
technique is indeed effective in decomposing refractory phases, but this inevitably produces
fluoride complexes that create new problems. We demonstrate that the fluoride complexes
formed during high-pressure digestion can be readily re-dissolved using high-pressure vessel
at 190 °C for only 2 h for 50 mg sample. In the case of isobaric interferences, although oxide
(e.g., MO*/M") and hydroxide (e.g., MOH"/M") productivity is variable between runs, the
(MO"/M")/(CeO*/Ce") and (MOH'/M")/(CeO"/Ce") ratios remain constant, making isobaric
interference correction for all other elements of interest straightforward, for which we provide
an easy-to-use off-line procedure. We also show that mass-time-intensity drift curve is smooth
as recognized previously, for which the correction can be readily done by analyzing a quality-
control (QC) solution and using off-line Excel VBA procedure without internal standards. With
these methods, we can produce data in reasonable agreement with recommended values of
international rock reference standards with a relative error of < 8% and precision generally
better than 5%. Importantly, compared to the widely used analytical practice, we can effectively

save > 60% of time (e.g., < 24 hours vs. > 60 hours).

Keywords: Inductively coupled plasma mass spectrometry; high-pressure digestion; oxide and

hydroxide interferences; instrumental drift; correction methods; trace elements

1. Introduction

Inductively coupled plasma mass spectrometry (ICP-MS) has been widely used for

analyzing trace element abundances in all sorts of geological materials, as it can rapidly analyze
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most elements with very low detection limits and relatively simple sample preparation [1, 2].
Although laser-ablation ICP-MS (or LA-ICP-MS) has made it possible for in situ analysis on
solid samples directly, most applications still require acid-solution analysis [3]. In fact, the
three-orders of magnitude lower detection limit (vs. LA-ICP-MS) makes the solution ICP-MS
analysis indispensable for elements of low and ultra-low abundances (low ppb and ppt levels).
For geological samples, complete decomposition is thus prerequisite for high quality solution-
ICP-MS analysis [4]. Also, the analytical precision and accuracy also depend on instrument
conditions and methods employed [5]. While the ICP-MS technique has been significantly
matured over the past ~ 30 years, various isobaric interferences as the result of sample
introduction and transport to the ICP remain one of the problems to be monitored and overcome
[6].

In this paper, we do not intend to review the development of ICP-MS but to briefly
document the common problems, and offer a set of simple, cost-effective and practical methods
for both sample digestion and interference corrections with which we demonstrate to provide
rapid analysis of trace element abundances with high precision and accuracy in geological

materials using ICP-MS.

2. Experiments

2.1 Instrumentation

The instrument used is an Agilent 7900 ICP-MS instrument (Agilent Technologies, Tokyo,
Japan) in the Laboratory of Ocean Lithosphere and Mantle Dynamics, Institute of Oceanology,
Chinese Academy of Sciences. Detailed operating conditions and instrumental parameters are
given in Table 1. The instrument was first optimized to obtain maximum signal intensities for
Li, ¥Y, 40 Ce and 2%T1 using a 1 pug I"! tuning solution containing Li, Y, Co, Ce, Mg and TI,
while keeping the formation of oxides '“°CeO* /!*°Ce" and doubly charged species Ce**/Ce*
ratios below 1.2%. A rock solution was then flushed for 30 minutes before tuning the instrument
to minimize the drift. Drift corrections were done by repeated analysis of a rock sample as drift
monitor (QC; quality control rock solutions) between every 4 unknown samples without

internal standards. The oxide and hydroxide interferences were corrected for using a series of
3



equations described in Section 4. Detailed procedure of instrumental drift correction is
discussed and described in Section 5. The memory effect is minimized by manual analysis and
observing '#!Ta count levels between samples in a wash solution of 1% Triton X-100 alternated

with 2% HNO:s.

2.2 Reagents

All solutions were prepared using ultra-pure water (18.2 M), which was obtained from
a Milli-Q water purification system (Millipore, Bedford, MA, USA). Commercially available
nitric acid (68% v/v, GR grade), hydrofluoric acid (40% v /v, GR grade) were further distilled
in a sub-boiling distillation system. Hydrochloric acid (36% v /v, MOS grade) were directly
used. Four solutions (1, 10, 50 and 100 ng ml™! for all elements) were prepared by gravimetrical
dilution from Multi-element Calibration Standard solutions (Agilent Technologies, Tokyo,
Japan) as external calibrators. Multi mono-element solutions were prepared from 1 mg ml™! of
single element standard solutions (National Center for Analysis and Testing of Steel Materials,

China).

3. A simple and cost-effective method for geological sample digestion

3.1 A brief review of digestion methods

Complete decomposition is prerequisite for geological sample analysis using ICP-MS, and
it is often the limiting factor of the data quality [4]. There are many digestion methods used in
routine analysis of geological samples in different laboratories, including open vessel acid
digestions, microwave dissolution, alkali fusion and high-pressure (bomb) digestions. The open
vessel acid digestion on hotplate is successful for aphyric/glass volcanic rocks, but is incapable
of digesting rock samples with refractory minerals, such as garnet, sphene, spinel, zircon, rutile
and chromite [3, 7]. Likewise, microwave dissolution with open or closed oven procedures do
not have adequate energetics to digest refractory phases, resulting in incomplete recoveries of
some elements [7, 8]. Alkali fusion technique is effective to decompose resistant accessory

minerals, but it causes high blank levels (i.e., flux impurities) and total dissolved solids (TDS).



Besides, its high Si content can also cause complex isobaric interferences [3], plus causing
significant instrumental drift during analysis due to silicate salt deposits in the interiors of the
sample/skimmer cones [9]. In this case, the high-pressure digestion (bomb) method remains the
method of choice, especially when applied to coarse grained granitic and metamorphic rocks
[10-12].

However, the high-pressure digestion technique is not problem free. Despite its wide use,
the problems involved and produced have not been well understood. On the basis of our
repeated experiments on United States Geological Survey (USGS) rock reference standards,

we demonstrate these problems below and offer our effective solutions.

3.2 Experiments, results and discussion

3.2.1 Type of acids

Varying combination of strong acids is commonly used in the acid digestion of silicate
materials, such as HF-HC1O4 [8, 13, 14], HF-HNO; [1, 11, 13, 15], HF-HCI-HCIO4 [14], HF
with aqua regia (1 HNO;: 3 HCI) [16], HF-H,SO4 [4, 8, 13] or HF-HBr-HNOs. More recently,
a mixture of NH4F-HNO;3 [3] or HF alone [12] is also used. It is suggested that the addition of
HCIOs is more effective to attack refractory minerals, such as those of the spinel group, and
helps remove fluorides [7, 17]. However, with issues such as safety and cost considered, very
corrosive and explosive acids such as HClO4 or H.SO4 should be avoided in geochemical
laboratories [3, 16]. Therefore, we conducted our experiments using HF-HNO3; and HF-HCI-

HNO:.

3.2.2 Digestion procedures

The USGS standard rock powders of W-2 (diabase), BCR-2 (basalt), BHVO-2 (basalt),
AGV-2 (andesite), GSP-2 (granodiorite) were decomposed as follows (brief procedures were
listed in Table 2): (1) Approximately 50 mg rock powder (grain size less than 200 mesh) was
weighed in a 15 ml Teflon container, followed by the addition of 1 ml Lefort aqua regia (3
HNOs:1 HCI1) and 1 ml HF (Method A, B) or 1 ml Lefort aqua regia and 0.5 ml HF (Method C,

D, E, F) or 1 ml HNOs and 0.5 ml HF (Method G); (2) the Teflon container was directly placed
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on a hotplate at 120 °C for 15 h (Method A) or inserted and sealed in a high-pressure metal
jacket (Bomb) before placed in an oven at 190 °C for 8 h (Method F), 12 h (Method E) and 15
h (Method B, C, D, G); (3) After cooling, the Teflon container was opened and placed on a
hotplate at 130 °C and evaporated to incipient dryness; (4) 1 ml HNO; was added and again
evaporated to incipient dryness; (5) The sample was re-dissolved in the same container by
adding 1 ml HNOs and 4 ml of ultra-pure water (Method A-G); (6) The container was then
placed on a hotplate at 120 °C for 12 h (Method A) and 2 h (Method C) with the lid tightened,
or inserted into bombs as above in the oven at 190 °C for 2 h (Method B, D-G); (7) The final

solution was transferred to a polyethylene bottle and diluted to ~100 g of 2% v/v HNOs.

3.2.2 Efficacies and drawbacks of high-pressure digestion technique

Our experiments confirm the results in the literature that the open vessel acid digestion
(Method A) using hotplate at 120 °C (15h) is effective for BCR-2 and AGV-2 (Fig. 1a), but is
ineffective for GSP-2 with a poor recovery of Zr (~13%), Hf (~13%), Th (60%), U (80%) and
most REEs (55%-76%) (Fig. 1a). In contrast, the high-pressure digestion method (Method D)
shows highly effective in decomposing whatever aphyric/glass volcanic or granitic rocks or
refractory phases (Figs. 1b, c). However, the outstanding drawback of the high pressure-
temperature bomb digestion is the formation of insoluble fluoride complexes in which many
trace elements are incorporated as we predict from our experiments (Figs. 1b, c).

In fact, the effect of fluorides in the high-T, high-P decompositions using bombs has been
known for some time (c.f. [4] and reference therein). A quantitative evaluation by Takei et al.
[15] further shows that fluoride formation is probably controlled by the chemical composition
of the rock samples, in particular, the [(Mg + Ca) / Al] ratio of the sample. Accordingly, Takei
et al. [15] developed a method to suppress the formation of fluorides and resulted in complete
recovery of trace elements by adding Mg to the sample to produce [(Mg + Ca) / Al] > 1. It is
suggested that the formation of such insoluble phases can be avoided if sample size is small
and if the digestion mixture is ensured not to be completely dry during evaporation [3, 9].
However, these methods to suppress fluoride formation are difficult to achieve and are not

practical in routine analysis of geological samples. This is because (1) “pure reagent” of Mg



solution is required, which inevitably demands excess time and cost; and we also must know
the (Mg + Ca)/Al ratio in each unknown sample solution; (2) it is very difficult to control the
extent of sample dryness, since this procedure is sample dependent [3]; (3) it is also not
recommended for small sample size because few reference materials have their homogeneity
tested at the milligram scale and real samples are not expected to be more homogeneous than
reference materials [7]. Hence, the aforementioned remedy is not recommended.

It is important to note that despite the efficacy of the high-pressure bomb digestion
technique in decomposing refractory phases, this technique also inevitably produces new and
insoluble byproducts, which are suspected to be fluorides as discussed above. We predict that
the byproducts may not be simple fluoride such as AlF; [12], but likely more than one complex.
The fact that Sr is affected suggests the presence of fluoride such as (Ca,Mg)F,, where Sr readily
substitutes Ca. The effects on the trivalent REEs points to the presence of AI** in the complex,
which could be simple AlF; with Al substituted by REEs. However, we infer that other forms
of fluoro-hydroxyl complexes are more likely, including the simple form of AI(OH); or AI(OH,
F); because such complexes can absorb alkalis like K, Rb and Cs, which are also affected (Figs
1b, ¢). The exact nature of such byproducts is to be further investigated, but our task at present
is to decompose them.

Our experiments show that the byproducts formed during the high-pressure bomb
digestion for 50 mg sample can be readily eliminated by re-dissolution under high pressure
after evaporation. Figures 1b and ¢ demonstrate the data of re-dissolution using bomb at 190 °C
for only 2 h (Method D). It should be noted that some laboratories may choose to digest more
materials (e.g., ~ 100 — 200 mg), but at present we do not see the necessity of using excess
materials for elemental analysis. Sample power inhomogeneity may be the potential need to
use large amount of materials, but we emphasize that it is the responsibility of individual
scientists to ensure complete sample homogeneity for analysis. Nevertheless, it is our interest

to carry out this and other digestion experiments.

3.2.3 Effect of digestion time and type of acids

Figure 2 illustrates the effect of digestion time on analytical results for Rb, La, Sr, Hf and



Zr from GSP-2 at 190 °C using 1 ml Lefort aqua regia and 0.5 ml HF. The data show that Rb,
La, Sr can be completely recovered by high-pressure digestion for less than 8 h, while 12 h are
needed to completely recover Zr and Hf in GSP-2. To achieve rapid and cost-effective digestion,
the effect of different acids was also investigated. As seen from Figure 3, 0.5 ml HF in
combination with Iml Lefort aqua regia show the same efficiency with 1ml HF + 1ml Lefort
aqua regia and 1 ml HNOs + 0.5 ml HF for GSP-2 using bomb at 190 °C for 15 h. However, it
is suggested that 18 h are needed for complete digestion of GSP-2 at above condition using 1
ml HNO; + 1 ml HF [12]. In this case, we choose to use the acid of 1ml Lefort aqua regia +0.5
ml HF (most effective) and 15 h (extra time) to ensure complete sample digestion in our routine
sample analysis. Compared to widely used methods in some other laboratories (Fig. 4) [5, 7,
11, 18-23], our less acid and less time method of sample digestion (<24 hours vs. widely used >

60 hours) is very cost-effective.

4. Oxide and hydroxide interferences and corrections

4.1 A brief review of oxide and hydroxide interferences

The first major group of interferences associated with ICP-MS analysis are spectroscopic
interferences, which are caused by atomic or molecular ions with the same mass-charge ratio
(m/z) as the analyte element of interest. While these interferences caused by overlapping
isotopes of different elements can be avoided by choosing alternative isotopes or elemental
equations [24] in many cases, the formation of polyatomic ions, especially oxide and hydroxide
in the plasma, are still practical problems that can give rise to inaccuracies during routine ICP-
MS analysis [2]. The identification of oxide and hydroxide ions interferences have been
discussed in many studies [2, 24-26]. It has been well known that oxide and hydroxide ions
levels are dependent on operating parameters such as plasma power, carrier gas flow rate,
sample and skimmer orifice size [2, 24-27]. As summarized by Evans and Giglio [26], there are
various approaches towards reducing the oxide and hydroxide ions interference, including (1)
alternative sample preparation methods, such as on-line separation, precipitation or solvent
extraction; (2) alternative sample introduction methods, such as desolvation, laser ablation, and

thermal vaporization; (3) alternative instrumentation, such as gas addition, dynamic reaction
8



cells and high-resolution ICP-MS (HR-ICP-MS). These methods, however, are not applicable
in routine multi-element analysis of geological samples using quadrupole ICP-MS (Q-ICP-MS)
without desolvation systems.

Using mathematical corrections on raw data are suggested to be an alternative approach
[2, 24-26]. There are many types of corrections in the literature, it is therefore necessary to test
existing methods and implement an effective and simple one to apply in routine multi-element

analysis of geological materials using Q-ICP-MS.

4.2 Experiments and results

Quantification of oxide (MO") and hydroxide (MOH") ions is generally expressed as the
oxide production ratio (MO*/M") and hydroxide production ratio (MOH'/M"). For each
element M, we first measured the intensities of M* (m/z = m;), MO" (m/z = m;+16) and MOH"
(m/z = m;+17) using mono-elemental solutions with different concentrations in the same run
under standard conditions of the ICP-MS, and then calculated the MO*/M* and MOH"/M" ratios
using a linear regression method. The above measurement was further repeated three times in
different runs. The results can be found in Appendix Table A. Notably, the results for all these
runs are similar to the observation of several authors [2, 16, 24], and two useful and important
conclusions are:

(1) The MO*/M" and MOH"/M" ratios are not time-dependent or matrix-dependent, but
remain constant in the same run (Table 3). As illustrated in Figure S1, the intensities
of MO"and MOH" increases linearly with the intensity of M" or the concentration of
M. In fact, this is also manifested by the perfect coefficient of correlation (R) of the
linear regression for most elements at three different runs (Fig. S1; Table 3).

(2) While the MO*/M* and MOH'/M"' ratios vary between runs (Fig. 5), the
MO*/MH/(M'O*/M'") and (MOH/M*)/(M'O */M') ratios remain constant (Fig. 6;
also see below).

It should be noted that the second observation was consistent with the theoretical
calculations by Shibata et al. [27]. That is, there was a linear correlation between the logarithmic

term of MO*/M" (log MO'/M") values and dissociation energy, which mainly depends on



plasma temperature and oxygen partial pressure. In combination with the theoretical
calculations, these observations were further expressed by Dulski [14] as follows:

(MO*/M™) _ (Djo=Doyry) —
w0ty = €0 M =kawo pwroy (D)

Where Dpjo and Dy, is the dissociation energies of MO and M'O; k(yo /m70y is the

ratio of M and M’ oxide production ratios. By re-arranging the terms, we obtain Eq. (2):

(MO* /M) = ko jmroy ¥ (M'OT/M'™)  (2)
4.3 Calibration strategy and a simple but useful Excel tool

From Equation 2 above and our experimental data (Fig. 5 and 6), it is straightforward that
any MO and MOH" contribution can be calculated if one oxide production ratio
(M'0*/M't) was obtained during a run under standard conditions. Given the high
concentration and high oxide production of Ce, we chose to measure the ratios of '4°CeQ*/'*°Ce*

to correct for other oxide and hydroxide contributions. The general correcting equations have

been documented in the literatures cited above, and are summarized below:

I, = 1M (Lot /LYy (3)

Lo+t — it ori

m; m;—17

Iyou+ = Iyt ory * (NOHT/NT) - (4)
m; _ mi _my _ my

IM+,cor - IM"',ori Lot 1N0H+ (6))

Where Izrf;rli6= Intensity of the ion L* signal at a given mass m; -16, in cps; I::)i+=

Intensity of oxide contribution (LO") signal of at mass m;, in cps; 117\;2;1?: Intensity of the ion

M

voy+=Intensity of hydroxide contribution (NOH")

N signal at a given mass m; -17, in cps;

Im

signal of at mass m;, in cps; Mf, ori = Intensity of the total signal at a given mass mi, in cps,

before removal of the interferences; I;/Ini cor— Intensity of the ion M" signal at a given mass m,

in cps, after removal of the interferences.

Combining Egs. (2) to (5) yields the following correcting Eq. (6):

i — M i—16 i—17
It cor = It ori = ¥ * Kwoceoy * (CeO* [Ce®) = INE 5% k(non /ceo) *
(CeO* /Ce™) (6)



Some selected isotopes and their associated interference correction equations are given in

Table 4.

Theoretical correction equations are listed in the left column, however, it needs to be

adjusted in practical use on the basis of the result of the oxide and hydroxide production using

mono-elemental solutions (Table 3). Details on the correction equations used in our study are

further explained as follows:

o))

)

obtain:

To avoid over-correction, the oxide and hydroxide production ratios are used in the
equations only when the correlation coefficient (R) of the linear regression is equal to
or greater than 0.95 for a given element for at least two runs. For example, in the case
of 3*Eu correction, the correlation coefficient of **CeOH/'**Ce is lower than 0.95 at
the first run and third run, thus we adjust the theoretical correction equations to: 3 *Eu’
= 13M*-3'BaO*-1*BaOH". In fact, the lower R of oxides ('**ErO) and hydroxides
(3°CeOH, *DyOH, *DyOH, !**ErOH) may attribute to their lower natural
abundances (the natural abundance of '°Er, 1**Ce, '°°Dy, '*¥Dy, '**Er is 0.14%, 0.185%,
0.06%, 0.1%, 1.61%, respectively). It also means that they may be negligible in the
correction in addition to their lower oxide and hydroxide production.

It was sometimes impossible to distinguish oxide from hydroxide interferences; for
example, in the case of Ba where '*Ba0O" and **BaOH" interfere at m/z = 151. They
are produced through:

3 = 1533 % Xy35 + Lok * X134 (7)

Where I;il, I;ii, I;i‘i is intensity of the ion Eu" signal at m/z=151, and Ba" signal
at m/z =135 and 134, respectively, in cps; X;35 and X;3, is **BaO"/**Ba* and
134BaOH"/**Ba*, respectively.

Using the natural isotopic abundances of '**Ba (2.417%) and '**Ba (5.592%), we can

134pq _
135g4

2.417%
5.592%

1334 = 1235 « 1533 * (8)
Combining Egs. (7) and (8) yields the following correcting Eq. (9):
I3 = 1235 % Xya5 4+ 1133 + (2.417%/5.592%) * X134 = 523 * X (9)

Where X = X135 + (2417%/5592%) * X134_ .

It is then easily perceived that the coefficient X obtained from the linear regression
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method of m/z =151 and 135 are the combination of both !**BaO"/!*Ba* and
134BaOH"/**Ba*. Thus, we adjust the theoretical correction equations to: 'S'Eu’ =
BIM*-135BaO™", where '*Ba0O"" is the combination production of both '**BaO™ and
134BaOH".

(3) It is sometimes not straightforward to correct for the interferences as the oxide or
hydroxide isotope itself is interfered by other oxides or hydroxides. For instance, in
the case of '*Yb correction, the production of **GdOH should be subtracted using the
intensity of *°Gd, however, *°Gd itself is further interfered by '*’LaOH and '“°CeO.
In this case, it was necessary to deconvolute intensities using natural isotopic ratios.

On the basis of the experimental results and discussion above, we developed an Excel

procedure to correct for the oxide and hydroxide interferences in routine analysis. As illustrated
in Figure 7, while this oxide and hydroxide correction procedure is an approximation, it is
practical and effective. This Excel procedure and related manual can be download in Appendix

Table B and Appendix Table D, respectively.

5. Instrumental drift during ICP-MS analysis and solutions

5.1 A brief review of solutions to instrumental drift during ICP-MS analysis in the

literature

Non-spectroscopic interferences are the second major group of interferences associated
with ICP-MS. Our experience is consistent with the long known behavior that the instrumental
drift during ICP-MS analysis is common and usually non-linear. The degree of drift differs from
one mass to the next, and the direction of drift can change frequently [1, 28]. Several methods
are usually used to reduce the drift interference, single or multiple internal standards, standard
additions, isotope dilution, external standard, and external calibration or a combine of several
of the above [1, 12, 16, 28, 29]. Given the complex nature of instrumental drift as illustrated in
Figure 8, it would be difficult to monitor and correct for the drift by using single or even several
internal standards [1, 30]. It is considered that the method of standard additions (SA) or isotope
dilution (ID) can avoid or minimize the drift, and improve the accuracy and precision [31, 32].

However, the obvious drawbacks of their sophisticated, time-consuming and expensive
12



procedures of both SA and ID methods have limited their application.

In this case, an interesting phenomenon that although the drift is virtually non-linear and
the direction of drift can change frequently, the shape of the mass-time-intensity drift curve is
always smooth, as previously observed [28] using VG Fisons PlasmaQuad ICP-MS for the
analysis of Ba and REEs in geological samples (We note that the drift with time is smooth for
a given isotope and systematic as a function of mass with the intensity going up or down and
the so-called monotonic intensity decrease was not observed with the same instrument in
Yaoling Niu’s unpublished data available in 1994). On the basis of these observations,
Cheatham et al. [28] developed an analytical procedure (called DCS, Drift correcting solutions)
and an off-line data reduction algorithm to correct for the drift. In this technique, they fit a
polynomial curve, generated by repeated measurement of a “drift correction” standard after
every few unknown samples, to each isotope analyzed and apply a correction based on this
curve to the measured intensity of the respective isotope. This procedure was successful with a
significant improvement in analytical accuracy and precision. Liu et al. [33] further developed
this procedure to correct for drift in the LA-ICP-MS technique by normalizing the sum of all
the major element oxides to 100 wt.%.

While the new generations of ICP-MS such as Agilent 7900 that we use have been
significantly improved over the past 20 years, the instrumental drift remains an unresolved
problem with drift patterns (Fig. 8) statistically and randomly similar to what were observed as
before [28]. Hence, the concept of drift correction described in [28] is still applicable. Given
the DCS procedure for Macintosh Excel macro is no longer available, we developed a new

procedure and software.

5.2 Calibration strategy and an update Microsoft Excel VBA procedure

In this section, we describe a new procedure for drift correction developed in Microsoft
Excel Visual Basic for Applications (VBA) following the concept of [28]. We aim to provide
an update and free tool, which is easy to use, available to all users to correct for the drift during
ICP-MS analysis. The calibration strategy is based on the following steps and equations.

Step 1. Fitting a mass-time-intensity drift curve for each analyzed element by repeated



measurement of a QC (quality control) solution, as shown by Eq. (10)

Iqc () =mo+mit + myt? + -+ m; t/ (10)

Where t = the time interval between the first QC and the following QC (or sample), Igc Et) =

intensity of element of interest i in the QC at time t, and mo, m; and mj; are the coefficients of
the polynomial.
Step 2: Calculating the intensity drift factor for each analyzed element at given time.

It should be noted that the first QC is measured after the standard solutions, which is
assumed to have no drift. This assumption and Eq. (10) imply that the intensity drift of each

analyzed element at any time of an unknown sample analysis can be obtained, e.g. Eq. (11):
kit = 1qc (n/lqcly (1)
Where Iqc 21) = the intensity of analyzed element i in the first QC, k(,f) = the intensity

drift factor of element 1 at time t.
Step 3: Calibrating the drift

Combining Egs. (10) and (11) yields the following correcting Eq. (12) and (13):

Isamét)corr = Isamét) /k(ti) (12)
Isamét)corr = Isamft) * ch(il)/(mo +myt + myt? + - + m; t/) (13)
Where Isamét) = original intensity of analyzed element i in the sample at time t, and

I samét)corr = the corrected intensity of element i in the sample at time t.

Following the above steps and strategy, we developed an off-line Microsoft Excel VBA
procedure (TraceCAL) that completely automates all calculations to correct for the drift during
ICP-MS analysis. The VBA procedure TraceCAL 1.1 and relevant Microsoft Excel VBA codes
and manuals can be download in Appendix Table C and Appendix D, respectively. It should be
noted that the current version of TraceCAL 1.1 was designed to correct for the drift using
concentration of analyzed elements rather than intensity, because of their linear correlation. The
update version, which combines oxide, hydroxide and drift corrections, are to be made available
soon. In addition, on the basis of the long-term practice in our lab, we recommend each run of

samples should be within 4 hours, beyond which oxide, hydroxide and drift corrections may

14



become ineffective.

6. Analysis of reference materials

Table 5a-b shows results for five USGS rock reference standards (BHVO-2, W-2, BCR-2,
AGV-2, GSP-2) analyzed in our laboratory using the methods described above. The values for
BHVO-2, W-2, BCR-2, AGV-2, GSP-2 are averages of many analyses of individual
digestions/solutions (Table 5a-b). The data give precisions generally better than 5% for most
elements (Fig. 9). Accuracy, as indicated by relative difference (RE) between measured and

recommended values of Govindaraju [34] and GeoReM (http://georem.mpch-mainz.gwdg.de/)

is better than 8%, with many elements agreeing to within 5% of the reference values. Exceptions
are: (1) Li (4.16 ppm) in BHVO-2, which is about 13.2% lower than the reference value (4.8
ppm); (2) Li (9.94 ppm), Be (2 ppm), Cr (15.2 ppm), Ni (17.2 ppm), Co (14.7 ppm), and Cu
(46.9 ppm) in AGV-2, which are about 10% lower than the reference values; (3) Li (8.4 ppm)
and Be (0.58 ppm) in W-2, which are 9.7% and 19% lower than the reference values,
respectively; (4) Cr (14.8 ppm), and Pb (9.4 ppm) in BCR-2 are about 15% lower than the
reference values; (5) Be (1.35 ppm), Ni (15.2 ppm), Cu (39.4 ppm), Ta (0.82 ppm) in GSP-2
are about 10% lower than the reference values, and Ce (446 ppm) is 8.7% higher than the
reference values. These discrepancies between our analyses and reference values, however, are
in good agreement with the recent published data (Fig. 10) [12, 23, 35-37]. It is also notable
that the Nb value we obtained for all the five USGS standards are about 9% lower than the
reference values, which may be due to inaccurate Nb concentration in our Multi-element
Calibration Standard solutions. Accordingly, the Nb concentration measured in our samples can

be corrected if proven to be necessary.

7. Conclusions

(1) While the high-pressure digestion technique is effective in decomposing refractory phases,
it also introduces insoluble byproducts, whose exact form or forms are yet to be further
investigated, but they are most likely fluorides and fluoro-hydroxyl complexes, including

(but not limited to) (Ca,Mg)F», AI(OH,F);. Nevertheless, these byproducts can be easily
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eliminated by re-dissolution using bombs at 190 °C for only 2 h for 50 mg sample. This is a
very cost-effective advancement in [CP-MS analysis of geological materials.

(2) We have shown that, although oxide (MO'/M") and hydroxide productions (MOH"/M")
are  variable between analytical runs, the (MO'M")/(CeO"/Ce*) and
(MOH'/M")/(CeO"/Ce") ratios remain constant. With this observation and by determining
oxide and hydroxide production using mono-element solutions, we developed an off-line
procedure for oxide and hydroxide corrections from the raw data by using a set of
equations.

(3) The instrumental drift during ICP-MS analysis observed in early days [28] remains a major
analytical problem with drift patterns as a function of time in an analytical run and
systematics as a function of mass randomly and statistically the same and unresolved. We
have thus, following the concept of [28], designed an off-line procedure for correcting
instrumental drift without the need of internal standards.

(4) On the basis of many purpose-designed experiments for sample digestion/dissolution,
oxide/hydroxide correction and drift correction, we established a simple and cost-effective
set of procedures for rapid and precise analysis of trace element abundances in geological
materials with ICP-MS. This represents an analytical innovation and advancement, and

can be readily applied in other ICP-MS laboratories.
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Figure captions:

Fig. 1: (a) Recovery yields of selective trace elements for GSP-2, AGV-2 and BCR-2 using the
method of open vessel acid digestions (Method A); (b-c) Recovery yields of these same
elements for AGV-2 and GSP-2 using the high-pressure (bomb) digestion method with
or without re-dissolution (Method D and C, respectively).

Fig. 2: Normalized concentrations of Rb, Sr, La, Zr and Hf (to reference values) for GSP-2 as
a function of digestion time at 190 °C in a high pressure bomb. All digestions used acids
of 1 ml Lefort aqua regia (3 HNOs:1 HCI) and 0.5 ml HF.

Fig. 3: Recoveries of thirty-eight elements (relative to reference values) for GSP-2 as a function
of acids using bombs at 190 °C for 15 h. Digestion conditions: 1 ml Lefort aqua regia
+ 0.5 ml HF, 1 ml Lefort aqua regia + 1 ml HF and 1 ml HNOs+ 0.5 ml HF.

Fig. 4: Flow chart illustrating sample digestion (bomb procedures), interferences and
instrumental drift corrections for analysis of trace element abundances in geological
materials using ICP-MS in different laboratories from (a) this study, (b) Ref. [18-20], (c)

Ref. [11], (d) Ref. [5], (e) Ref. [21], (f) Ref. [7]. The numbers in the left of each subplot

are the procedures: (D weighing; (@ first acid attack; @) evaporation; @ re-

dissolution; & oxide, hydroxide and instrumental drift corrections.

Fig. 5: Varying oxide (MO*/M") and hydroxide (MOH*/M") production of three individual runs.

Fig. 6: The experimental results show constant ratios of (MO"/M")/(CeO"/Ce*) and
(MOH'/M")/(CeO"/Ce") at three individual runs. (a) First run vs. second run; (b) first run
vs. third run.

Fig. 7: (a-b) Examples of oxide and hydroxide correction using our procedure (given in the
form of Excel). Chondrite-normalized REE patterns show the uncorrected, corrected and
recommended values for (a) AGV-2 and (b) GSP-2. Chondrite REE values are from Sun
and McDonough [38].

Fig. 8: Curvilinear instrumental drift for representative elements of low to high mass as a

function of time.



Fig. 9: The relative standard deviation (RSD % = 1o x 100/average) from the determined
average values of five USGS standards for elements given using different individual
digestions and analyses. The dash black and red line show RSD% = 3% and 5%,
respectively.

Fig. 10: (a-e) Trace element abundances normalized to the recommended values of Govindaraju

[34] and GeoReM (http://georem.mpch-mainz.gwdg.de/) for (a) BHVO-2, (b) BCR-2, (¢)

W-2, (d) AGV-2, (e) GSP-2. The recent literature data [5, 12, 37] are also plotted for
comparison. The dash green lines show the discrepancies of 10% between the determined

values and the recommended values, and the shade area are within 5%.

Table captions:

Table 1: ICP-MS instrumentation and operating conditions.

Table 2: Sample digestion procedure for [CP-MS analysis

Table 3: Oxide and hydroxide production (and their standard deviations, o) used to calculate
k(MO"/M'0%) values

Table 4: Selected isotopes and their associated correction equations (m/z, oxide and hydroxide
contributions)

Table 5: Analyses of USGS rock reference standards W-2 (diabase), BHVO-2 (basalt), BCR-2
(basalt), AGV-2 (andesite) and GSP-2 (granodiorite) using ICPMS in the Institute of
Oceanology, Chinese Academy of Sciences

Appendix Figure S1: The liner trend of between oxidize production (MO*/M"), hydroxide
production (MOH'/M") and the intensity of M at the third run.

Appendix Table A: Results of oxide and hydroxide production using mono-element solutions.

Appendix Table B: An off-line Microsoft Excel procedure (OxideCAL1.1) for oxidize and
hydroxide correction from the raw data.

Appendix Table C: An off-line Microsoft Excel VBA procedure (TraceCAL 1.1) for
calibrating machine drift during ICP-MS analysis.

Appendix D: Microsoft Excel VBA codes and manuals for OxideCAL1.1 and TraceCAL 1.1.
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Fig. 10
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Table 1: ICPMS instrumentation and operating conditions.

Instrument
Nebuliser

Torch

Spray chamber
Sampling depth
Sample cone
Skimmer cone
Detector mode
Dwell time per peak
Scan type

RF power

Plasma gas flow rate
Auxiliary gas flow rate
Carrier gas flow rate

Sample uptake rate
Isotopes

Agilent 7900, Agilent Technologies, Tokyo, Japan
Microflow

Quartz glass torch

Scott double-pass type at 2°C

10mm

Nickel,1.0 mm aperture

Nickel,0.45 mm aperture

Dual

90 ms

Peak hopping

1550 W

15 L/min

1.0 L/min

1.05 L/min

0.10 ml/min

Li, °Be, *Sc, “'Ti, >V, Cr, *Mn, *Co, *Ni,
GBCU, GGZnY 71Ga, SSRb, SSSr‘ SQY, QOZn 93Nb, 133CS,
137Ba, 139La, MOCG, 141Pr, 146Nd, 147Sm, 151EU,
156Gd, 15gTb, 163Dy, 165H0, 167Er, 169Tm, 173Yb,
175LU, 178Hf, 181Ta, 206'207'208Pb, 232-|—hY ZSBU,




Table 2: Brief sample digestion procedure for ICP-MS analyses

First acid attack step Evaporate Re-dissolution
o Time HNO; HCI HF Bomb Time HNO; o Time HNO; H)O Bomb
Method  TCC) "y oy (ml) (ml) /Hotplate (h) (ml) ' O (h) (ml) (ml) /Hotplate
(A) 120 15 075 025 1 Hotplate ~3 1 120 12 1 4 Hotplate
B) 190 15 075 025 1 Bomb ~3 1 190 2 1 4 Bomb
©) 190 15 0.75 025 05 Bomb ~25 1 120 2 1 4 Hotplate
(D) 190 15 0.75 025 05 Bomb ~25 1 190 2 1 4 Bomb
(E) 190 12 0.75 025 05 Bomb ~25 1 190 2 1 4 Bomb
F) 190 8 075 025 05 Bomb ~25 1 190 2 1 4 Bomb
(G) 190 15 1 0 05 Bomb ~2.5 1 190 2 1 4 Bomb

T (°C): temperature in Centigrade



Table 3: Oxide and hydroxide production rates (and their standard deviations, 6 ) used to calculate k(M/M’) and k’(M/M”) values

First Run Second Run Third Run First ~ Second Third Average -
Element Mass Interference K R K R K R K(morceo) OF Kmoriceo)
Nd 146 *°Ba0 0.0002 0.7378 0.0004 0.9986 0.0003 0.9846 0.0336 0.0312 0.0324 0.0017
Sm 147 **°BaOH 0.0010 0.9969 0.0009 0.9943 0.0012 0.9986 0.1026 0.0821 0.1187 0.1011 0.0183
Sm 150 *Ba0 0.0003 0.9999 0.0004 0.9999 0.0003 0.9998 0.0275 0.0344 0.0269 0.0296 0.0042

Eu 151 '®Ba0* 0.0005 0.9998 0.0006 1.0000 0.0004 1.0000 0.0489 0.0521 0.0454 0.0488 0.0033
Eu 153 ¥Ba0* 0.0009 1.0000 0.0010 1.0000 0.0009 1.0000 0.0962 0.0865 0.0865 0.0897 0.0056

Gd 155 La0 0.0069 1.0000 0.0088 1.0000 0.0074 1.0000 0.7352 0.7673 0.7488 0.7504 0.0161
Gd 156 '*°ce0 0.0094 1.0000 0.0115 1.0000 0.0099 1.0000 1.0000 1.0000 1.0000 1.0000 0.0000
Gd 157 *Pro 0.0105 1.0000 0.0115 1.0000 0.0109 1.0000 1.1140 0.9948 1.1008 1.0699 0.0653

Tb 159 *3Ndo* 0.0106 1.0000 0.0122 1.0000 0.0107 1.0000 1.1286 1.0555 1.0877 1.0906 0.0366
Dy 163 *'smo 0.0015 1.0000 0.0017 0.9998 0.0016 1.0000 0.1578 0.1496 0.1593 0.1556 0.0052
Ho 165 '*9smo=* 0.0018 0.9994 0.0021 1.0000 0.0017 1.0000 0.1910 0.1797 0.1770 0.1826 0.0074

Er 167 “Eu0 0.0002 0.9902 0.0003 0.9994 0.0002 09986 0.0254 0.0245 0.0216 0.0238  0.0020
m 169 °Eu0 0.0003 1.0000 0.0003 0.9999 0.0002 0.9986 0.0299 0.0264 0.0224 0.0262  0.0037
Yb 172 **Gdo 0.0051 0.9996 0.0058 1.0000 0.0052 1.0000 05423 05052 0.5255 0.5244  0.0186
Yb 172 “*pyo 0.0044 0.9088 0.0042 0.9778 0.0056 1.0000 0.3641 0.5700 0.4670  0.1456
Yb 173 *'Gdo* 0.0055 0.9999 0.0060 1.0000 0.0056 1.0000 05847 05203 0.5710 0.5587  0.0339
Lu 175 °Tbo 0.0051 1.0000 0.0060 1.0000 0.0054 1.0000 05400 05219 0.5453 0.5357  0.0122
Hf 177 *'Dyo 0.0027 1.0000 0.0031 1.0000 0.0027 1.0000 0.2902 0.2701 0.2778 0.2793  0.0102
Hf 178 **?Dyo 0.0028 0.9999 0.0031 1.0000 0.0029 0.9999 0.3002 0.2713 0.2985 0.2900  0.0162
Hf 178 '%%Er0 0.0018 0.7263 0.0046 0.9925 0.0041 0.6953 0.3956 0.3956

Ta 181 **®*Ho0 0.0026 1.0000 0.0031 1.0000 0.0027 1.0000 0.2755 0.2681 0.2700 0.2712  0.0038

Eu 151 '™BaOH*  0.0015 0.9998 0.0020 1.0000 0.0015 1.0000 0.1615 0.1711 0.1512 0.1613 0.0100
Eu 153 'BaOH*  0.0013 1.0000 0.0015 1.0000 0.0012 1.0000 0.1419 0.1276 0.1241 0.1312 0.0094
Eu 153 '*°CeOH 0.0026 0.8934 0.0016 0.9998 0.0002 0.7464 0.1400 0.1400

Gd 156 '*LaOH 0.0009 1.0000 0.0011 1.0000 0.0010 1.0000 0.1005 0.0982 0.1042 0.1010 0.0030
Gd 157 °CeOH 0.0010 0.9999 0.0010 1.0000 0.0009 0.9997 0.1042 0.0907 0.0928 0.0959 0.0073
Tb 159 '*?CeOH 0.0010 1.0000 0.0010 1.0000 0.0010 1.0000 0.1031 0.0886 0.0972 0.0963 0.0073
Th 159 'NdOH*  0.0048 1.0000 0.0054 1.0000 0.0049 1.0000 0.5063 0.4691 0.5008 0.4921 0.0201
Dy 163 '°NdOH 0.0006 0.9997 0.0006 0.9992 0.0004 0.9998 0.0636 0.0478 0.0452 0.0522 0.0099
Ho 165 '®SmOH*  0.0022 0.9995 0.0025 1.0000 0.0022 1.0000 0.2349 0.2200 0.2230 0.2260 0.0079
Ho 165 “*NdOH 0.0006 0.9947 0.0005 1.0000 0.0004 0.8491 0.0593 0.0416 0.0409 0.0473 0.0104
Er 167 *°smOH 0.0003 0.9965 0.0003 0.9996 0.0003 0.9995 0.0288 0.0221 0.0256 0.0255 0.0034
Er 167 "°NdOH 0.0007 0.9945 0.0005 1.0000 0.0004 0.9986 0.0733 0.0409 0.0436 0.0526 0.0180
Tm 169 '*?SmOH 0.0003 1.0000 0.0004 0.9990 0.0003 0.9949  0.0357 0.0313 0.0287 0.0319 0.0035
m 169 °GdOH 0.0031 0.9999 0.0003 0.8576 0.0013 0.9722  0.3315 0.3315

Yb 172 "5GdOH 0.0070 0.9996 0.0080 1.0000 0.0072 1.0000 0.7492 0.6899 0.7254 0.7215 0.0299
Yb 173 ™ GdOH*  0.0042 1.0000 0.0046 1.0000 0.0044 1.0000 0.4423 0.3956 0.4450 0.4276 0.0278

Yb 173 °DyOH  0.0004 0.2066 0.0028 0.9586 0.0002 0.3265 0.2427 0.2427
Lu 175 '®GdOH  0.0005 0.9997 0.0006 1.0000 0.0005 0.9991 0.0570 0.0524 0.0517 0.0537  0.0029
Lu 175 '®DyOH  0.0016 0.6383 0.0026 0.9863 -0.0007 0.5657 0.2248 0.2248

Hf 177 **°GdoH 0.0005 0.9996 0.0006 1.0000 0.0006 1.0000 0.0580 0.0523 0.0560 0.0554 0.0029
Hf 177 **°DyOH 0.0220 0.9999 0.0258 1.0000 0.0236 0.9999  2.3431 22365 2.3923 2.3240 0.0797
Hf 178 *'DyOH 0.0038 1.0000 0.0042 1.0000 0.0039 0.9999 0.4092 0.3658 0.3990 0.3913 0.0227
Ta 181 '*‘DyOH 0.0001 0.9776 0.0001 0.9994 0.0001 0.9998 0.0123 0.0114 0.0101 0.0112 0.0011
Ta 181 '*ErOH 0.0001 0.6905 0.0001 0.9869  0.0000 0.9385 0.0074 0.0074

* The combination production of both oxidize and hydroxide (see text for details); K: the MO*/M" and MOH'/M" ratios calculated by linear
regression; R: coefficient of correlation of the linear regression



Table 4: Selected isotopes and their associated correction equations

Element Mass Theoretical correction equations Correction equations used in this study
Nd 146 146M+ _ 13OBao+ 146M+ _ 13OBao+
Sm 147 WM*-10BaOH* I\V*-10BaOH*
Eu 151 151M+ _ 13SBao+_ 134BaOH+ 151M+_1358ao+*
Eu 153 153M+_137Bao+_136BaOH+_136CeOH+ 153M+_137Bao+~k
Gd 156 156M+_14OCeo+_139LaOH+_156Dy 156M+_14OCeo+_139LaOH+_156Dy
Gd 157 157M+_141Pro+_14OCeOH+ 157M+_141Pro+_14OCeOH+
Tb 159 159M+_143NdO+_142NdOH+_14ZCeOH+ 159M+_143Ndo+*_142CeOH+
Dy 163 163M+_147Smo+_146NdOH+ 163M+_147Sm0+_14GNdOH+
Ho 165 165M+_1498mO+_14BSmOH+_148NdOH+ 165M+_1495m0+*_148NdOH+
Er 167 167M+_151EuO+_150NdOH+_1SOSmOH+ 167M+_151Euo+_150NdOH+_ISOSmOH+
m 169 169M+_153EuO+_1528mOH+_ISZGdOH+ 169M+_153Euo+_1525m0H+
Yb 173 173M+_157GdO+_ISGGdOH+_156DyOH+ 173M+_157Gdo+~k
Lu 175 175M+_159Tbo+_158GdOH+_158DyOH+ 175M+_159Tbo+_158GdOH+
Hf 178 Te\+-182DyO* -1 DYOH* - 182E 1O+ 178\|* 162Dy 0 S1DYOH*
Ta 181  ®M*-18HoO*-1%4DyOH*-1%ErOH* BIM*185HoO*-14DyOH*

* The combination production of both oxidize and hydroxide (see text for details)



Table 5: Analyses of USGS standards by ICP-MS at the Institute of Oceanology, Chinese Academy of Sciences

Blank (N=10)

W-2 (N=25, Digestion=7)

BHVO-2 (N=15, Digestion=>5)

BCR-2 (N=15, Digestion=7)

AGV-2 (N=37, Digestion=12)

GSP-2 (N=23, Digestion=7)

isotope AVE  SD AVG RSD RE Rec. AVG RSD RE Rec. AVG RSD RE Rec. AVG RSD RE Rec. AVG RSD RE  Rec.
ppb ppm % % ppm _ ppm % % ppm __ ppm % % ppm __ ppm % % ppm _ ppm % % ppm
Li 7 0017 0.021 840 30 97 930 416 55 -132 480 854 4.1 51 9.00 994 37 97 110 348 35 32 360
Be 9 0.002 0004 058 57 -190 071 094 7.1 59  1.00 194 68 -69 208 200 52 -13.0 230 135 38 -100 1.50
Sc 45 0.020 0.024 350 23 26 359 312 27 30 320 324 28 -19 330 126 42 31 13.0 681 3.0 8.1 630
Ti 47 1291 2720 6434 19 1.2 6360 16600 2.2 1.5 16300 13598 2.6 0.7 13500 6152 29 23 6300 3981 28
\ 51 0.128 0.064 272 1.7 1.6 268 326 2.3 2.5 317 424 27 20 416 119 27 26 122 53 2.7 1.0 52
Cr 53 0408 0200 862 2.1 73 930 2872 33 23 2800 148 35 -17.8 180 152 34 51 16,0 19.1 3.1 46 200
Mn 55 0.154 0205 1270 1.7  -1.8 1294 1285 26  -0.6 1290 1503 3.1 -1l 1520 748 28 29 770 312 28 26 320
Co 59 0.009 0006 423 24 61 450 430 27 49 450 358 3.6 32 370 147 3.1 83 160 673 3.0 -7.7 7130
Ni 60 0.076 0.047 664 24 77 720 1147 38 38 1190 113 40 80 123* 172 33 -141 200 152 35 -108 17.0
Cu 63 0.075 0052 975 25 71 1050 1212 22 48 127.0 169 42  -6.1 18.0° 469 33 -11.6 530 394 43 -84 430
Zn 66 4210 3.663 835 49 84 770 1098 29 7.1 103.0 1399 44 102 127.0 939 33 92 8.0 120 33 0.1 120
Ga 71 0.003 0004 170 18 -53 180 206 33 54 217 213 34 73 230 197 28  -1.5 200 230 3.1 47 220
Rb 85 0.011 0.005 183 14 34 189 85 26 70 91 445 23 5.1 469 639 23 36 663 2329 22 49 2450
Sr 88 0.077 0.060 194 1.1 09 196 393 25 09 396 339 24  -04 340 657 24 06 661 239 24 05 240
Y 89 0.003 0.004 20.1 1.7 -85 220 242 25 7.0 260 334 25 97 370 183 25 37 190 253 23 95 280
Zr 90  0.052 0.035 904 18 -1.8 920 1679 24 26 172 183 28 03 18 230 25 0.1 230 549 39 01 550
Nb 93 0.004 0003 669 20 -109 750 1686 2.6 -7.1 181 1136 25 99 126 128 25 -11.7 145 248 24 83 270
Cs 133 0.002 0.002 087 1.5 50 092 010 37 27 010 114 27 36 110 116 23 02 116 119 23 0.6 120
Ba 137 0.042 0.034 168 23 2.1 172 129 36  -14 131 689 2.8 1.7 677 1158 2.7 25 1130 1394 2.7 40 1340
La 139 0.003 0.003 103 1.8 42 108 150 24  -12 152 250 24 05 249 380 25 04 379 189 20 4.8 180
Ce 140 0.004 0.007 226 1.6 -36 234 368 22 -1.8 375 523 2.1 11 529 687 22 0.1 686 446 1.9 87 410
Pr 141 0.001 0001 292 13 28 300 517 2.1 34 535 669 19 02 670 802 23 23 784 5672 20 32 58.6°
Nd 146 0.003 0.004 123 3.5 54130 23.1 39 56 245 275 3.7 43 287 294 41 35 305 213 2.0 6.6 200
Sm 147 0.001 0.001 319 19 -33 330 593 22 25 607 643 24 23 658 541 24  -15 549 2601 22 37 27.00
Eu 151 0.001 0.001 107 22 07 108 202 24 24 207 194 21 -2 196 152 2.1 -1 1540 227 22 -13 0 230
Gd 157 0.001 0.001 356 44 27 366 594 40 -43 624 655 29 30 675 445 3.1 -17 0 452 1241 49 34 12.00
Tb 159 0.001 0.001 0.61 1.8  -16 062 092 24 0.1 092 105 27 22 107 063 29 -19 064 131 27 -40 136
Dy 163 0.001 0001 374 20 -14 379 508 34 43 531 619 35 35 641 340 30 21 347 566 28 11 6.10
Ho 165 0.001 0.001 0.80 1.8 07 079 098 24 0.0 098 131 2.4 20 128 067 24 36 065 098 22 25 100
Er 167 0.001 0.001 219 22  -15 222 246 36 30 254 361 24 -15 366 179 32 -1.1 181 230 22 28 237
Tm 169  0.000 0.001 032 14 28 033 033 28 00 033 053 29 27 054 026 29 -05 026 029 29 12 029
Yb 173 0.001 0.001 205 2.1 0.1 205 19 22 26 200 335 23 -0 338 163 29 0.3 162  1.65 29 33 1.60
Lu 175 0.000 0.001 031 23 -16 031 027 24 -1.1 027 050 30 -04 050 025 32 0.8 025 023 3.1 13 023
Hf 178 0.002 0.001 244 27 -03 245 435 32 -03 436 48 25 09 490 518 26 35 500 142 36 13 14.0
Ta 181 0.001 0.001 044 28 -62 047 109 23 43 114 073 1.5 10 074 08 1.8 -80 087 0.8 20 -83 0.0
Pb 208  0.042 0.029 720 34 64 770 146 59 67 1.60 940 48 -146 110 123 34 -68 132 395 27 60 420
Th 232 0.001 0.001 212 1.7 21 217 118 22 34 122 578 15 1.5 570 609 1.9 01 6.10 112 1.9 6.4 105
U 238 0.001 0.001 049 2.1 33 051 041 2.0 13 040 166 1.8 21 169 188 1.9 1.2 1.86 251 2.0 46 240

N: number of analyses; AVG: average of measured value; Rec.: recommended value; RSD: relative standard deviation; RE:
are from GeoReM (http://georem.mpch-mainz.gwdg.de/) and Govindaraju (1994). *Ni, Cu in BCR-2 and Pr in GSP-2 are exceptions, which are taken from Ref. [12].

relative error between measured and recommended values. Recommended values
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